c Nicotine, a major toxic alkaloid in tobacco wastes, is degraded by bacteria, mainly via pyridine and pyrrolidine pathways. Previously, we discovered a new hybrid of the pyridine and pyrrolidine pathways in Agrobacterium tumefaciens S33 and characterized its key enzyme 6-hydroxy-3-succinoylpyridine (HSP) hydroxylase. Here, we purified the nicotine dehydrogenase initializing the nicotine degradation from the strain and found that it forms a complex with a novel 6-hydroxypseudooxynicotine oxidase. The purified complex is composed of three different subunits encoded by ndhAB and pno, where ndhA and ndhB overlap by 4 bp and are ϳ26 kb away from pno. As predicted from the gene sequences and from chemical analyses, NdhA (82.4 kDa) and NdhB (17.1 kDa) harbor a molybdopterin cofactor and two [2Fe-2S] clusters, respectively, whereas Pno (73.3 kDa) harbors an flavin mononucleotide and a [4Fe-4S] cluster. Mutants with disrupted ndhA or ndhB genes did not grow on nicotine but grew well on 6-hydroxynicotine and HSP, whereas the pno mutant did not grow on nicotine or 6-hydroxynicotine but grew well on HSP, indicating that NdhA and NdhB are responsible for initialization of nicotine oxidation. We successfully expressed pno in Escherichia coli and found that the recombinant Pno presented 2,6-dichlorophenolindophenol reduction activity when it was coupled with 6-hydroxynicotine oxidation. The determination of reaction products catalyzed by the purified enzymes or mutants indicated that NdhAB catalyzed nicotine oxidation to 6-hydroxynicotine, whereas Pno oxidized 6-hydroxypseudooxynicotine to 6-hydroxy-3-succinoylsemialdehyde pyridine. These results provide new insights into this novel hybrid pathway of nicotine degradation in A. tumefaciens S33.
A
grobacterium tumefaciens is well known for its ability to induce crown gall tumors in dicotyledonous plants and mediate interkingdom genetic transfer, for that it is widely used in plant molecular biology and biotechnology (1) . Interestingly, some strains of this species are also able to degrade xenobiotics such as cyanuric acid, iminodisuccinate, and methylene urea (2) (3) (4) . We isolated A. tumefaciens strain S33, which has the strong ability to degrade the natural alkaloid nicotine from the rhizospheric soil of a tobacco plant (5, 6) .
Nicotine is a major alkaloid in tobacco, which causes tobacco addiction and may result in diseases such as pulmonary disease and cancer (7, 8) , and it is the primary toxic compound in tobacco wastes. The tobacco-manufacturing process and all activities using tobacco produce a large amount of solid or liquid waste containing high concentrations of nicotine, which are classified as "toxic and hazardous wastes" by the European Union (9) . Therefore, detoxification of tobacco wastes is a major concern for public health and the environment. The discovery of nicotine degradation by microorganisms provides an alternative way to dispose of such wastes (10) (11) (12) .
Microbial degradation of nicotine attracts attention because it represents a method to treat the tobacco wastes without causing significant harm to the environment (11) (12) (13) (14) (15) (16) (17) . Many microorganisms, including bacteria, actinomycetes, and fungi degrade nicotine, and most of these grow using nicotine as the sole source of carbon and nitrogen. The biochemical pathways that decompose nicotine have been investigated in some species during the past 50 years. Three types of degradation are mediated through the pyridine pathway of the Gram-positive bacterium Arthrobacter sp., the pyrrolidine pathway of the Gram-negative bacterium Pseudomonas sp., and the demethylation pathway present in fungi such as Aspergillus oryzae (13, 14, 18, 19) . The biochemical mechanisms involved in the pyridine and pyrrolidine pathways have been characterized in detail (13, 15, 16, 20) .
We discovered that A. tumefaciens S33 catabolizes nicotine via a hybrid between the pyridine and pyrrolidine pathways by investigating the intermediates and the key enzymes activities in cell extracts (5) . In the hybrid pathway ( Fig. 1) , nicotine is first degraded to 6-hydroxypseudooxynicotine via the pyridine pathway through 6-hydroxynicotine and 6-hydroxy-N-methylmyosmine, and 6-hydroxy-3-succinoylpyridine (HSP) and 2,5-dihydroxypyridine are produced by the pyrrolidine pathway. The same pathway present in Shinella sp. strain HZN7 (21, 22) and Ochrobactrum sp. strain SJY1 (23, 24) was found recently using genome sequencing, intermediates analysis, and characterization of key enzymes such as nicotine hydroxylase, 6-hydroxynicotine oxidase (Hno), HSP hydroxylase (Hsh), and 2,5-dihydroxypyridine dioxygenase (Hpo), which are similar to the corresponding enzymes from Arthrobacter nicotinovorans and Pseudomonas putida S16. However, other enzymes involved in the hybrid pathway are still unknown. Previously, we partially enriched two of the key enzymes, nicotine dehydrogenase (Ndh) and Hsh from A. tumefaciens S33 (5) that serve as the enzymes in the pyridine pathway in Arthrobacter nicotinovorans (25, 26) and the pyrrolidine pathway in Pseudomonas putida S16 (27) , respectively. Recently, we purified Hsh from A. tumefaciens S33 and characterized its biochemical properties and gene (28) with 62% amino acid sequence identity to the enzyme from P. putida S16 (27) and 99.7% identity to the enzyme from Ochrobactrum sp. strain SJY1 (23) . This verifies at the biochemical level that partial steps of pyrrolidine pathway are present in the hybrid pathway of strain S33. In the pyridine pathway of A. nicotinovorans, the Ndh catalyzing the initial step hydroxylates the C-6 position of pyridine ring of nicotine (25, 26) and is a heterotrimeric oxidoreductase comprising a subunit (NdhM, 30.0 kDa) that binds a flavin adenine dinucleotide (FAD), as well as a subunit (NdhS, 14.9 kDa) harboring two [2Fe-2S] clusters and a subunit (NdhL, 87.7 kDa) with a molybdopterin cytosine dinucleotide cofactor (29) . However, the Ndh from A. tumefaciens S33 is not identified yet (Fig. 1) .
In the present study, we purified the key Ndh that initiates nicotine degradation in the hybrid pyridine and pyrrolidine pathways of A. tumefaciens S33. The purified Ndh comprises three proteins that were identified by matrix-assisted laser desorption ionization-time of flight mass spectroscopy (MALDI-TOF MS) analysis. Gene disruption and complementation experiments and biochemical analysis show that the purified Ndh is a complex of two enzymes, which catalyze the first and fourth steps of nicotine degradation, respectively. The results present new evidence for the novel hybrid pathway of nicotine degradation in A. tumefaciens S33.
MATERIALS AND METHODS

Chemicals and reagents.
(S)-Nicotine (Ͼ99%) was obtained from Fluka (Buchs, Switzerland). 6-Hydroxynicotine and Hno from A. nicotinovorans were a gift from Roderich Brandsch (University of Freiburg, Freiburg, Germany). HSP was purified from the broth of the cultures of the nicotine degrading P. putida S16 (30) . All chromatography materials were purchased from GE Healthcare. All other chemicals were commercially available.
Bacterial strains, plasmids, and culture conditions. All bacterial strains and plasmids used in this study are listed in Table 1 . A. tumefaciens S33, deposited in the China Center for Type Culture Collection (accession number M206131), was grown in nicotine medium or nicotine medium plus 1.0 g/liter glucose, 0.2 g/liter ammonium sulfate, and 1.0 g/liter yeast extract at 30°C as described previously (5, 28) . Nicotine was added to a final concentration of 1.0 g/liter before inoculation. HSP and 6-hydroxynicotine media contained 0.5 g/liter HSP or 6-hydroxynicotine instead of nicotine as the sole source of carbon and nitrogen. Lysogeny broth (LB) was used for the routine propagation of Escherichia coli strains. Terrific broth (TB) was used for gene expression. Antibiotics were added depending on the strains and plasmids harbored (gentamicin [ Purification of Ndh from A. tumefaciens S33. Cells grown in nicotine medium plus glucose, ammonium sulfate, and yeast extract were resuspended in 50 mM sodium phosphate buffer (pH 7.0) and disrupted using a Vibra-Cell VCX 500 ultrasonic liquid processor (amplitude, 39%; 20 min; pulse on, 6 s; pulse off, 6 s) in an ice-water bath. The supernatant obtained by centrifugation at 30,000 ϫ g at 4°C for 30 min was used for enzyme purification. All chromatography steps were performed using an ÄKTA Basic 10 chromatography system (GE Healthcare) at 16°C. The supernatant was subjected to ammonium sulfate precipitation by slowly adding saturated ammonium sulfate solution to a final concentration of 50% at 4°C. The precipitate was removed by centrifugation at 30,000 ϫ g and 4°C for 20 min, and the supernatant was added with a saturated ammonium sulfate solution to 65% saturation. Ndh activity was detected in the fraction precipitated in 50 to 65% saturated ammonium sulfate. The precipitate obtained by centrifugation was dissolved in 50 mM sodium phosphate buffer (pH 7.0) containing 1.5 M ammonium sulfate. After removing insoluble proteins using centrifugation, the supernatant was applied to a Phenyl Sepharose 6 Fast Flow column (high-sub, 16 mm ϫ 10 cm, 20 ml) pre-equilibrated with 50 mM sodium phosphate buffer (pH 7.0) containing 1.5 M ammonium sulfate. The column was eluted using the same buffer containing an ammonium sulfate gradient (1.0, 0.6, 0.37, 0.15, and 0 M; one column volume per concentration) at a 4 ml/min. Ndh activity was eluted at 0.15 M ammonium sulfate, and the fractions were concentrated and applied to a DEAE-Sepharose Fast Flow column (16 mm ϫ 10 cm, 20 ml) equilibrated with 50 mM sodium phosphate buffer (pH 7.0). The column was eluted at 4 ml/min with five column volumes each of 0.1, 0.2, 0.25, 0.4, and 0.5 M NaCl in the same buffer. The Ndh activity was eluted at 0.4 M NaCl, and the fractions were concentrated and applied to a Superdex 200 column (10 mm by 30 cm, 24 ml) equilibrated with 50 mM sodium phosphate buffer (pH 7.0) containing 150 or 300 mM NaCl. The flow rate was set as 0.5 ml/min. Ndh was eluted with the same buffer as a single peak at 13.6 ml.
Assay of Ndh activity and determination of the reaction products. Ndh activity was determined as previously described by monitoring the reduction of 2,6-dichlorophenolindophenol (DCIP) with nicotine at 600 nm (ε ϭ 21 mM Ϫ1 cm Ϫ1 ) (5). The assay mixture contained 1 mM nicotine, 0.05 mM DCIP, and 50 mM sodium phosphate buffer (pH 7.0). Reduction of 1 mol of DCIP per min was defined as one unit. The assay was performed using quartz cuvettes (1-cm light path) filled with 1-ml reaction mixture at 30°C using a UV-visible Ultrospec 2100 Pro spectrophotometer (GE Healthcare, USA) and initiated by adding enzyme. In some cases, 0.5 mM phenazine methosulfate (PMS) was added to enhance electron transfer. To identify the reaction products of Ndh, the reaction was performed in 50 mM sodium phosphate buffer (pH 7.0) containing 1 U of Ndh, 2 mM nicotine, and 0.1 mM DCIP for 60 min at 30°C and spectrophotometrically monitored as indicated above. Products were determined by using liquid chromatography-mass spectrometry (LC-MS).
Protein mass spectra determination and identification of the encoding genes. The purified enzyme was digested with trypsin and analyzed using MALDI-TOF MS (Beijing Genomics Institute, Shenzhen, China). To identify potential genes, we searched the annotated genome draft sequence of A. tumefaciens S33 (GenBank accession number JFFS00000000) (28) . Three open reading frames (ORFs) matched the protein MS data, and the genes were designated ndhA, ndhB, and pno, respectively.
Reverse transcription-PCR (RT-PCR) analysis. The experiments were performed as described previously (28) . Briefly, A. tumefaciens S33 was grown in nicotine medium containing nicotine as the sole source of carbon and nitrogen or glucose and ammonium medium and then harvested at the early exponential phase (optical density at 620 nm [OD 620 ] ϭ 0.4) in nicotine medium, with an OD 620 of 0.7 in glucose and ammonium medium. Total RNA was extracted from the cells using an RNAprep pure cell/bacteria kit (Tiangen Biotech, China) according to the manufacturer's protocol. DNA was digested using RNase-free DNase I. Total cDNA was synthesized using TransScript first-strand cDNA synthesis supermix (Beijing TransGen Biotech, China). The ndhA, ndhB, and pno genes were amplified according to a published procedure (28) . The primers used for PCR were 5=-TCTAAGTATGGGTATGTC-3= and 5=-CTTCGTCTATCT TGTTTG-3= for ndhA, 5=-ATGAAAGTCGATTTTACTGTTAATGGC-3= and 5=-TCATTGAGCTGCTCCTTTCAGCATAG-3= for ndhB, and 5=-TCA GATAAGTTGAAGACAG-3= and 5=-CGTAGCCAAGGTAATAAG-3= for pno. Genomic DNA and the total RNA template using the same PCR procedure served as positive and negative controls, respectively.
Construction of strains with markerless deletions of ndhA, ndhB, and pno. The in-frame deletion of ndhA, ndhB, and pno of A. tumefaciens S33 was performed using the suicide plasmid pJQ200SK and a two-step homologous recombination method (22, 31) . First, the in-frame-deleted gene fragments were obtained using crossover PCR as described previously (32) . Upstream and downstream flanking sequences of the target fragment were obtained using PCR with primers A and B and primers C and D, respectively (see Table S1 in the supplemental material), where the 5= ends of primers B and C were designed to contain 21-bp complementary sequences. The purified PCR products were mixed in equal amounts and used as the template for seven cycles of PCR with primers A and D. The final PCR step was performed using 2 l of the products of seven cycles of PCR as the template and primers A and D. The final PCR products were digested with BamHI and XhoI and ligated to the suicide vector pJQ200SK, which was treated with the same restriction enzymes. The recombinant plasmid pJQ200SK with shortened target-gene fragment was used to transform E. coli DH5␣. The vector pJQ200SK replicates using a p15A origin and contains sucB, which imparts sucrose sensitivity. Moreover, the vector encodes Gm resistance and contains the lacZ␣ system to provide efficient screening of the strains (33) . The recombinant pJQ200SK was introduced into A. tumefaciens S33 by triparental mating, with E. coli HB101(pRK2013) as the helper strain (34) . Single-crossover mutants were screened using HSP medium plates containing 50 mg of Gm/liter. Double-crossover mutants were selected on HSP plates containing 20% sucrose. The deletion of the target genes in the mutants was confirmed by PCR and DNA sequencing. The mutants with disrupted ndhA, ndhB, and pno sequences were designated S33-⌬ndhA, S33-⌬ndhB, and S33-⌬pno, respectively. Construction of complementation strains. To obtain complementation plasmids, the complete DNA sequences of ndhA, ndhB, and pno were synthesized using PCR with the primers listed in Table S2 in the supplemental material and ligated to pBBR1-MCS5 (35) . Insert and plasmid sequences were first digested using XhoI and EcoRI (or BamHI). The recombinant plasmids verified using restriction-enzyme digestion and nucleotide sequencing were designated pBBR-ndhA, pBBR-ndhB, and pBBR-pno, respectively, and used to electroporate into the competent cells of S33-⌬ndhA, S33-⌬ndhB, and S33-⌬pno, respectively (34) . The complementation strains were designated S33-⌬ndhA-C, S33-⌬ndhB-C, and S33-⌬pno-C, respectively.
Growth of mutants and complementation strains on nicotine, 6-hydroxynicotine, and HSP. The mutant strains S33-⌬ndhA, S33-⌬ndhB, and S33-⌬pno and their complementation strains were grown in LB to exponential phase and then inoculated 2% (vol/vol) into 50-ml HSP or nicotine medium, which were incubated at 30°C and 200 rpm. The cell concentrations of the cultures were determined by their OD 620 values. For the utilization of 6-hydroxynicotine, tests were performed using an agar plate containing 6-hydroxynicotine medium, and the growth of complementation strains was similarly tested in nicotine medium.
Analysis of nicotine transformation by resting cells of S33-⌬pno. The strain S33-⌬pno was grown in LB supplemented with 1 g of nicotine/ liter and harvested at late exponential phase by centrifugation at 7,000 ϫ g for 20 min at 4°C. The cells were washed three times with 50 mM sodium phosphate buffer (pH 7.0) and stored at 4°C for use. The transformation reaction was performed in a 250-ml flask containing 1.64 g/liter dry cell weight (DCW) of resting cells (ϳ4 OD 620 , 1 OD 620 U ϭ 0.41 g/liter DCW) and 2 g of nicotine/liter in 50 ml of sterilized 50 mM sodium phosphate buffer (pH 7.0) and then incubated overnight at 30°C and 180 rpm. The reaction was stopped by centrifuging the cells, and the supernatant was analyzed using LC-MS.
Heterologous expression and purification of Pno. The genomic DNA of A. tumefaciens S33 was extracted from the cells and purified using a Wizard genomic DNA purification kit (Promega Corp., Madison, WI). The pno gene was amplified using PCR with High-Fidelity FastPfu DNA polymerase (ShineGene Molecular Bio-Technologies, Inc., Shanghai, China) and A. tumefaciens S33 genomic DNA as the template. The primers used were as follows: 5=-TTGGCGCGCCTGATGCGAGATCCACGTTA TGACATCCT-3= (forward, the AscI recognition site is underlined) and 5=-CCCAAGCTTCTAACGACCGGTACCGCAAAATTCAAT-3= (reverse, the HindIII recognition site is underlined). The blunt-end PCR product was ligated to the pEASY-Blunt cloning vector (TransGen Biotech, Inc., Beijing, China), which was subsequently used to transform E. coli Mach 1-T1 (Invitrogen, Carlsbad, CA). After amplification, the construct was digested with AscI and HindIII, and the target fragment was ligated to the expression vector pETDuet-1 digested using the same restriction endonucleases. After amplification in E. coli Mach 1-T1, the new construct was verified by DNA sequencing. The construct was then used to transform E. coli C41(DE3) harboring pCodonPlus and pRKISC (36) . The pRKISC plasmid contains the E. coli isc locus (37) and is used to express iron-sulfur proteins (36, 38, 39) .
To induce protein expression, a 10 ml of LB overnight starter culture was inoculated into 1.0 liter of TB containing antibiotics (Ap, 100 mg/ liter; Cm, 25 mg/liter; and Tet, 10 mg/liter), sources of iron and sulfur (0.12 g/liter cysteine, 0.1 g/liter ferrous sulfate, 0.1 g/liter ferric citrate, and 0.1 g/liter ferric ammonium citrate), and 50 mg of riboflavin/liter at 37°C with stirring at 200 rpm. When the OD 620 reached 0.7, 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to induce gene expression. After incubation for 10 h, the cells were harvested by centrifugation at 10,000 ϫ g for 15 min, washed twice with 50 mM sodium phosphate buffer (pH 7.4), and stored at Ϫ20°C.
To purify His-tagged Pno, recombinant E. coli cells were resuspended in 30 ml of 20 mM sodium phosphate buffer containing 0.5 M NaCl (pH 7.4) and disrupted using sonication, and cell debris was removed by centrifugation at 30,000 ϫ g at 4°C for 30 min. The clarified supernatant was applied to a 5-ml HisTrap HP column (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) and eluted at 4 ml/min with a linear gradient imidazole (5 to 100 mM) in 20 mM sodium phosphate buffer (pH 7.4) containing 0.5 M NaCl. The fractions containing target proteins were pooled and concentrated using an Amicon filter (30-kDa cutoff). After a washing step with 50 mM sodium phosphate (pH 7.0), the protein sample was applied to a 5-ml HiTrap Q HP column (GE Healthcare) equilibrated with 50 mM sodium phosphate (pH 7.0), which was then eluted at 4 ml/min with a linear gradient of 5 to 100 mM NaCl in 50 mM sodium phosphate buffer (pH 7.0). The fractions containing target protein were pooled and concentrated using an Amicon filter (30-kDa cutoff). After dialysis against 50 mM sodium phosphate buffer (pH 7.0), the protein was stored at 4°C.
Assay of Pno activity and identification of the reaction products. Pno activity was determined by coupling with 6-hydroxynicotine oxidation using Hno from A. nicotinovorans because the substrate 6-hydroxypseudooxynicotine was not commercially available. Hno from A. nicotinovorans converts 6-hydroxynicotine to 6-hydroxy-N-methylmyosmine, which hydrolyzes spontaneously into 6-hydroxypseudooxynicotine (40, 41) . The activity of Hno was measured as described previously (5) . The reaction was measured by monitoring the reduction of DCIP at 600 nm in the presence of PMS at 30°C. The reaction mixture contained 100 mM glycine-NaOH (pH 9.2), 100 mM NaCl, 0.56 mM 6-hydroxynicotine, 0.5 mM PMS, and 0.05 mM DCIP. One unit was defined as the reduction of 1 mol of DCIP per min. In addition, 1.0 mM nicotine or 0.32 mM histamine dihydrochloride was tested as a substrate of Pno in the absence of 6-hydroxynicotine and Hno. The reaction products were analyzed and identified using LC-MS. For estimation of the apparent K m , 6-hydroxypseudooxynicotine was produced from the oxidation of 6-hydroxynicotine (3 mM) by Hno, and quantified according to its absorbance at 334 nm (ε ϭ 20.7 mM Ϫ1 cm Ϫ1 ) (42) without isolation from the mixture of the transformation reaction due to its instability. The apparent K m may represent an overestimate because the residual 6-hydroxynicotine and the product 6-hydroxy-N-methylmyosmine both show absorbance at 334 nm.
Analytical methods. Growth of the cultures was monitored by measuring their OD 620 values. Protein content was determined using the Bradford assay (43) with bovine serum albumin as the standard.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using a 12.5 or 6.0% gel with a Bio-Rad MiniProtean III cell (44) . The subunit stoichiometry of the enzyme was estimated using Fluorchem 8800 digital-imaging system software (Alpha Innotech, Santa Clara, CA) after the gels were stained with Coomassie brilliant blue, and the bands were measured using a densitometer. To determine Ndh activity during purification, native PAGE was also performed. Gel preparation, sample treatment, and electrophoresis conditions were the same for SDS-PAGE, except that SDS and the reducing agents were omitted. Equal amounts of the protein samples were loaded in duplicate in two halves of the gel. After electrophoresis, the gel was cut into two, and each half was stained at room temperature with Coomassie brilliant blue, or 1 mM nicotine and 0.5 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dissolved in 50 mM sodium phosphate buffer (pH 7.0).
The apparent molecular mass of the purified enzyme was measured by gel filtration on Superdex 200 (1.0 by 30 cm) calibrated with a highmolecular-weight gel filtration calibration kit (GE Healthcare). The column was equilibrated and eluted with 50 mM sodium phosphate buffer (pH 7.0) containing 150 mM NaCl at a flow rate of 0.5 ml/min.
To identify the flavin in the proteins, the purified protein was boiled for 10 min in the dark to release the flavin into solution. After the removal of the precipitate by centrifugation at 30,000 ϫ g and 4°C for 20 min, the supernatant was used for further determination. For the Ndh sample, the type of flavin and its amount was determined using high-pressure liquid chromatography (HPLC; Agilent 1100 series; Hewlett-Packard, USA) equipped with an Eclipse XDB-C 18 column (4.6 by 150 mm; particle size, 5 m). A mixture of methanol and 25 mM ammonium carbonate mixture (20:80) was used as the mobile phase, which was delivered at 0.6 ml/min. Authentic FAD and flavin mononucleotide (FMN) were used as standards. For Pno, the type of flavin was identified using thin-layer chromatography, and the amount was calculated using a molar extinction coefficient at 446 nm of 12,200 M Ϫ1 cm Ϫ1 after determining the absorbance spectrum between 200 and 600 nm (45) .
For elemental analysis, the purified Ndh sample from A. tumefaciens S33 was digested in 1 ml of nitric acid for 10 h at 55°C, and 50 mM sodium phosphate instead of Ndh was used as a control. The metal elements in the samples were determined inductively coupled plasma optical emission spectrometry (ICP-OES) (IRIS Intrepid II XSP; Thermo Scientific, USA). The iron content of Pno was determined colorimetrically using 3-(2-pyridyl)-5,6-bis(5-sulfo-2-furyl)-1,2,4-triazinedisodium trihydrate (Ferene), and Mohr's salt served as the standard (46) .
The products of the enzyme reactions or resting cell reactions were determined using LC-MS. For reactions catalyzed by Ndh, the analysis was performed using a Finnigan Surveyor MSQ single-quadrupole electrospray ionization mass spectrometer coupled to a Finnigan Surveyor HPLC apparatus (Finnigan/Thermo Scientific, San Jose, CA). The HPLC system was equipped with a 20RBAX Eclipse XDB-C18 column (250 by 4.6 mm; particle size, 5 m; Agilent) and a photodiode array detector. The mobile phase was a mixture of methanol and 1 mM formic acid (85:15, vol/vol), and the flow rate was set at 0.5 ml/min. For other reactions, we used a Bruker's Impact HD high-resolution mass spectrometer coupled to a Dionex's UltiMate 3000 ultrahigh-performance liquid chromatograph (UHPLC) system (Thermo Scientific). The same column and chromatography conditions described above were applied.
Nucleotide sequence accession number. The GenBank accession number of the A. tumefaciens S33 draft genome sequence is JFFS00000000.
RESULTS
Purification of Ndh from
A. tumefaciens S33. We previously reported the partial purification of Ndh from A. tumefaciens S33 grown on nicotine as the sole source of carbon and nitrogen. Using DCIP as an artificial electron acceptor to monitor nicotine oxidation, Ndh was enriched for 33.2-fold with a specific activity of 0.51 U/mg (5). Here, the bacterium was cultured in nicotine medium supplemented with glucose, ammonium sulfate, and yeast extract in order to obtain a higher yield of enzyme (28) . The DCIP reduction activity with nicotine of such cell extracts was approximately 0.01 U/mg compared to approximately 0.017 U/mg for cells cultured with nicotine as the sole source of carbon and nitrogen. Through ammonium sulfate precipitation and three chromatography steps, the yellow-brown Ndh was purified from these cells and enriched 74.1-fold with a yield of 9.1% and a specific activity of 0.66 U/mg (Table 2) . SDS-PAGE analysis of the purified enzyme detected 75-and 15-kDa bands using 12.5% gel ( Fig. 2A) , and the 75-kDa band was separated into 75-and 80-kDa bands using 6% gel (Fig. 2B) . Gel filtration determined that the enzyme complex had a molecular mass of 180 kDa (see Fig. S1 in the supplemental material), which did not separate by varying the salt concentration or using a high-resolution column HiPrep Sephacryl HR S200 (16 mm by 60 cm, 120 ml; GE Healthcare). Densitometry of Coomassie blue-stained SDS-PAGE gels showed a stoichiometry of 1:1.2:1. a The activity was measured using DCIP as the artificial electron acceptor, which would increase 25-fold when PMS was added. Native-PAGE analysis comparing Coomassie brilliant blue staining and the specific activity staining (Fig. 2C) showed that the enzyme was active during purification and appeared as a single band with the same mobility. Identification of the purified enzyme and its encoding genes. To identify the genes encoding Ndh, a tryptic digest of purified Ndh from A. tumefaciens S33 was analyzed using MALDI-TOF MS. The MS data were used to search the genome draft sequence of A. tumefaciens S33, which was automatically annotated on the RAST online server (28) , and revealed three protein species as follows: 82,408 Da (NdhA, 749 amino acids), 17,068 Da (NdhB, 155 amino acids), and 73,349 Da (Pno, 671 amino acids). The sum of these values was consistent with molecular masses of 180 kDa determined using gel filtration and of 170 kDa determined using SDS-PAGE. The corresponding genes ndhA (2,259 bp) and ndhB (468 bp) overlap by 4 bp in the genome of S33 (Fig. 3) . The two ORFs flanking the ndhAB genes are predicted to encode a quinone oxidoreductase (Qor) and an electron carrier protein pseudoazurin (Paz). However, whether they participate in the nicotine degradation is still unknown. These genes form a gene cluster with an ORF encoding a protein with 99% identity to 6-hydroxynicotine oxidase (Hno) from Shinella sp. strain HZN7 (22 The ndhA and ndhB genes are annotated to encode the isoquinoline 1-oxidoreductase alpha and beta subunits, respectively, which is a molybdenum-containing hydroxylase catalyzing the hydroxylation of isoquinoline to 1-oxo-1,2-dihydroisoquinoline from Brevundimonas diminuta 7 (formerly Pseudomonas diminuta 7) (47, 48) with the same conserved domains of NdhAB from S33. Based on BLAST analysis of protein sequence, NdhA is 99% identical to the large subunit of nicotine hydroxylase from Ochrobactrum sp. strain SJY1 (24) , 27% identical to the large subunit of isoquinoline 1-oxidoreductase from B. diminuta 7 (47, 48), 14.0% identical to NdhL, and 14.4% identical to KdhL (the large subunit of 6-hydroxypseudooxynicotine dehydrogenase, also named ketone dehydrogenase) from A. nicotinovorans, which contain the conserved molybdopterin-binding domain. NdhB is 100% identical to the small subunit of nicotine hydroxylase from Ochrobactrum sp. strain SJY1 (24) (25, 49, 50) , except for the missing of flavin-binding subunit. The pno gene is annotated as histamine dehydrogenase or NADH:flavin oxidoreductase in RAST or GenBank, respectively, and is 48% identical to the histamine dehydrogenase of Pimelobacter simplex (formerly Nocardioides simplex) (51) (52) (53) , 46% identical to histamine dehydrogenase of Rhizobium sp. strain 4-9 (54), 40% identical to trimethylamine dehydrogenase of Methylophilus methylotrophus W3A1 (55, 56) , and 39% identical to dimethylamine dehydrogenase of Hyphomicrobium sp. strain X (57) . The alignment of the protein sequences of the five enzymes shows that cysteine 35 in trimethylamine dehydrogenase from M. methylotrophus W3A1, which binds FMN covalently through the sulfhydryl group and is conserved in the other three enzymes, is replaced by an alanine in Pno of S33. Further, because the other amino acid residues for binding FMN are conserved in all five enzymes, this suggests that FMN of Pno from S33 may bind noncovalently to the enzyme. The [4Fe-4S]-cluster-binding sites in Pno and the three amine dehydrogenases are highly conserved. Further, three amine dehydrogenases bind an ADP with unknown function (51-53) with binding sites that are conserved in Pno. Thus, whether ADP is a cofactor for Pno remains to be determined.
FIG 2 SDS-PAGE (A and B) and native-PAGE (C) analysis of the purification of Ndh from
The predicted cofactors of the proteins were verified by biochemical analyses of purified Ndh. ICP-OES of the purified protein (molecular mass of 180 kDa) detected 1.32 mol of molybdenum and 8.8 mol of Fe per mol of protein complex, and tungsten was undetectable. These data are consistent with an enzyme complex comprising NdhA, NdhB, and Pno with a molybdopterinbinding domain, two [2Fe-2S] clusters, and one [4Fe-4S] cluster, respectively. Further, approximately 1.4 mol of FMN was detected after heat treatment using a UV-visible spectrophotometer and an HPLC. FAD and ADP were not detected, which is consistent with the presence of an FMN-binding motif in Pno. The binding of iron-sulfur cluster and flavin in NdhAB-Pno complex was also indicated by the UV-visible spectrum of the enzyme (see Fig. S2 in the supplemental material).
Nicotine transformation catalyzed by NdhAB-Pno complex. In order to identify the reaction catalyzed by the purified enzyme, the product of nicotine transformation was determined. LC-MS analysis (see Fig. S3 in the supplemental material) detected two peaks eluting at 3.37 and 3.95 min, respectively (see Fig. S3A in the supplemental material), and the values of m/z of their main fragments in the mass spectra were 179.14 (see Fig. S3C in the supplemental material) and 163.19 (see Fig. S3B in the supplemental material), which were consistent with the calculated molecular masses of 6-hydroxynicotine (C 10 H 14 ON 2 , 178.1106) and nicotine (C 10 H 14 N 2 , 162.1157), respectively. No other compound was detected. These results indicate that NdhAB-Pno complex cata- encoding nicotine dehydrogenase and 6-hydroxypseudooxynicotine oxidase, respectively. Open arrows without labels indicate genes encoding hypothetical proteins. Cofactor binding sites were deduced from the amino acid sequences of the proteins. Mo, molybdopterin that binds molybdenum. qor, quinone oxidoreductase; paz, pseudoazurin; hno, 6-hydroxynicotine oxidase; hsh, 6-hydroxy-3-succinoylpyridine hydroxylase. Between hno and pno, there are 12 ORFs predicted to encode six mobile element proteins and six hypothetical proteins.
lyzes the oxidation of nicotine to produce 6-hydroxynicotine and has the same function to Ndh in the pyridine pathway of A. nicotinovorans (25, (58) (59) (60) .
The purified enzyme catalyzed nicotine oxidation with low activity (0.66 U/mg). One of the problems we found is its poor thermal stability (see Fig. S4 in the supplemental material). When the enzyme was kept at 25°C for 30 min, the total activity was found to decrease ca. 50%. The enzyme presented higher stability at a temperature lower than 15°C. Under the best conditions at 16°C that we evaluated, the enzyme was purified, which showed an apparent K m for nicotine of 0.88 M and a k cat of 2.0/s at the growth temperature of 30°C and in 50 mM phosphate buffer (pH 7.0) (see Fig. S5 in the supplemental material) . Further, we tried to supplement 0.5 M PMS into the reaction mixture, and the activity greatly increased to 16.5 U/mg, suggesting that PMS efficiently mediated the electron transfer from nicotine to DCIP.
Transcriptional analysis of the genes ndhA, ndhB, and pno. To determine whether ndhA, ndhB, and pno mediate the nicotine degradation by A. tumefaciens S33, total RNAs were isolated from cultures grown in medium with nicotine or glucose and ammonium sulfate as the sources of carbon and nitrogen, respectively. RT-PCR detected amplicons specific for the genes encoding NdhA (895 bp), NdhB (468 bp), and Pno (695 bp) when the strain was grown in medium containing nicotine (Fig. 4) . In contrast, PCR products either were not detected or were detected in very small amounts when the strain was grown in glucose and ammonium medium, indicating that the transcription of the genes encoding NdhA, NdhB, and Pno of A. tumefaciens S33 is induced in the presence of nicotine.
Deletion and complementation of ndhA, ndhB, and pno genes. To determine the functions of ndhA, ndhB, and pno, we disrupted them individually with suicide vector plasmid pJQ200SK harboring truncated genes and then determined whether function was complemented with a broad-host-range plasmid pBBRMCS-5 harboring complete copies of the target genes. The mutant strains S33-⌬ndhA, S33-⌬ndhB, and S33-⌬pno grew in HSP medium (Fig. 5B ) but did not utilize nicotine as the sole source of carbon and nitrogen (Fig. 5A) . Further, we determined whether they grew in the presence of 6-hydroxynicotine as the sole source of carbon and nitrogen (Fig. 5C ). Strain S33-⌬pno failed to grow, whereas both mutant strains S33-⌬ndhA and S33-⌬ndhB could grow well. The complemented strains S33-⌬ndhA-C, S33-⌬ndhB-C, and S33-⌬pno-C grew in nicotine medium, and their ability to utilize nicotine was the same as for the wild type (see Fig. S6 in the supplemental material). Therefore, we concluded that the three genes are involved in the conversion of nicotine to HSP in the nicotine degradation pathway of strain S33 (Fig. 1) , that ndhA and ndhB encode Ndh catalyzing the first step in the pathway, and that the product of pno mediates the steps from 6-hydroxynicotine to HSP. Because the gene encoding Hno, which catalyzes the oxidation of 6-hydroxynicotine to 6-hydroxy-N-myosmine and 6-hydroxypseudooxynicotine ( Fig. 1) , is adjacent to ndhAB (Fig. 2) , pno must function in the reactions from 6-hydroxypseudooxynicotine to HSP. This is also confirmed by the activity assays of Ndh and Hno in the cell extracts of the three mutants (Table 3) The results indicate that nicotine was converted to 6-hydroxynicotine, 6-hydroxy-N-methylmyosmine, and 6-hydroxypseudooxynicotine, which are the intermediates in the first three steps of nicotine degradation in S33 (Fig. 1) . No other compound was detected. These results verified that Pno participates in the reactions leading from 6-hydroxypseudooxynicotine to HSP.
Heterologous expression and characterization of Pno. To identify the function of pno, we expressed it in E. coli C41(DE3) harboring pCodonPlus and pRKISC with a His tag at N terminus in TB medium containing extra iron and sulfur sources and riboflavin, considering the protein binding of one [4Fe-4S] cluster and one FMN. The purified His-tagged protein was yellow brown with a molecular mass of 73 kDa, determined using SDS-PAGE (Fig.  6A) . The recombinant Pno contained 1.2 mol of FMN and 3.3 mol of Fe per mol of protein, which fits the prediction of one FMN and one [4Fe-4S] cluster per enzyme molecule. The UV-visible spectrum of Pno (Fig. 6B) revealed two broad peaks typical of the absorption of flavin and an iron-sulfur cluster.
Coupling the reaction of 6-hydroxynicotine oxidation by Hno from A. nicotinovorans, the enzyme catalyzed the oxidation of 6-hydroxypseudoxynicotine (32.3 U/mg) at pH 8.5 and 30°C using DCIP-PMS as an electron acceptor. When PMS was omitted, the activity was ϳ55-fold lower. These data are consistent with those from assays of NdhAB-Pno complex purified from wildtype S33 (36.2 U/mg using DCIP-PMS as an electron acceptor and 0.74 U/mg using only DCIP as an electron acceptor), where the activity was around 0.34 U/mg in cell extract using DCIP-PMS as an electron acceptor. Further, we tried to estimate the apparent K m for 6-hydroxypseudooxynicotine of both recombinant Pno and wild-type NdhAB-Pno complex. The values were approximately 0.37 and 0.18 mM for recombinant Pno and wild-type NdhABPno complex, respectively (see Fig. S8 in the supplemental material). In the assays, the 6-hydroxypseudooxynicotine prepared by the conversion of 6-hydroxynicotine using Hno from A. nicotinovorans was quantified according to its absorbance at 334 nm (ε ϭ 20.7 mM Ϫ1 cm Ϫ1 ) (42) . The apparent K m may represent an overestimate because 6-hydroxypseudooxynicotine was not isolated from the mixture of the transformation reaction due to its instability, where the rest substrate 6-hydroxynicotine and the product 6-hydroxy-N-methylmyosmine may interfere its quantification at 334 nm. Despite all this, these results clearly showed that the wildtype enzyme complex have higher affinity to the substrate. The reaction product of the oxidation of 6-hydroxypseudooxynicotine by Pno was determined to be 6-hydroxy-3-succinoylsemialdehyde-pyridine (m/z 180.0656; C 9 H 9 NO 3 ; calculated MW, 179.0582) using LC-MS (see Fig. S9 in the supplemental material), indicating that Pno catalyzes the fourth step of nicotine degradation in S33 (Fig. 1) . Although the predicted amino acid sequence of Pno is 48% identical to that of histamine dehydrogenase, we did not detect a reduction in DCIP reduction activity using histamine as the substrate. Further, the recombinant Pno did not show any detectable activity using nicotine as the substrate.
DISCUSSION
The hybrid of the pyridine and pyrrolidine pathways for nicotine degradation was discovered by investigating nicotine catabolism in A. tumefaciens S33 (5), and the same pathway was also found in Shinella sp. strain HZN7 (21, 22) and Ochrobactrum sp. strain SJY1 (23) . However, the biochemical mechanism of the novel pathway is still not clear. Here, we purified an enzyme complex of NdhAB and Pno from A. tumefaciens S33 and verified that they catalyze the first and fourth steps of the hybrid pathway of nicotine degradation, respectively (Fig. 1) . BLAST analysis showed that NdhAB is almost identical to the most recently reported nicotine hydroxylase from Ochrobactrum sp. strain SJY1 (24) , which mediates the first step in the same pathway, too. However, the function of the nicotine hydroxylase from Ochrobactrum sp. strain SJY1 was demonstrated with partially purified recombinant protein and recombinant P. putida KT2440 harboring its genes. Its kinetic properties are lacking. In this study, we showed that the NdhAB-Pno complex from S33 catalyzes nicotine oxidation with an activity of 0.66 U/mg using DCIP as electron acceptor, an apparent K m for nicotine of 0.88 M, and a k cat of 2.0/s at a growth temperature of 30°C and in 50 mM phosphate buffer (pH 7.0). PMS can efficiently enhance the electron transfer from nicotine to DCIP, mediated by the enzyme with an activity of 16.5 U/mg. Notably, the Ndh activity in a cell extract of S33-⌬pno was much lower than that of wild-type S33 (Table 3) , which hinders the purification of the NdhAB from the pno-disrupted mutant. We tried to heterologously express it in E. coli. Just like heterologous expression of nicotine hydroxylase from Ochrobactrum sp. strain SJY1 in E. coli (24) , ndhAB was not functionally expressed (data not shown), likely because the molybdopterin cofactor in NdhAB was not synthesized by E. coli (29) , which normally synthesizes the molybdopterin guanosine dinucleotide (29, 61) . In contrast, NdhAB from strain S33 may bind a molybdopterin cytosine dinucleotide like Ndh from A. nicotinovorans (29) and isoquinoline 1-oxidoreductase from B. diminuta 7 (48). However, this hypothesis requires experimental verification. Thus, we could not present the kinetic constants of purified NdhAB. Like isoquinoline 1-oxidoreductase from B. diminuta 7 (47, 48) , NdhAB is a heterodimeric molybdenum-containing hydroxylase, and the subunit binding flavin similar to the intermediate size subunit of NdhLMS from A. nicotinovorans was missing. The heterotrimeric NdhLMS from A. nicotinovorans catalyzes the same hydroxylation reaction at the C-6 position of the pyridine ring of nicotine (25, 26) to NdhAB from S33. Why only two components of this type of enzyme can also function in the same catalysis is still a puzzle. Pno is a novel iron-sulfur flavoprotein with conserved domains similar to those of histamine dehydrogenase, dimethylamine dehydrogenase, and trimethylamine dehydrogenase for binding an FMN and a [4Fe-4S] cluster, except that FMN may be noncovalently bound to the protein. We successfully expressed it in soluble form by using E. coli C41(DE3) harboring pCodonPlus and pRKISC, which is used specially to express iron-sulfur proteins (36). When we used E. coli BL21(DE3), most of the target protein formed inclusion bodies lacking activity. Recombinant Pno was yellow brown, consistent with the presence of an FMN and a [4Fe-4S] cluster, which may prevent proper protein folding if not correctly assembled. Coupled with the 6-hydroxynicoitne oxidation by Hno, it presented a DCIP reduction activity with 6-hydroxypseudooxynicoitne. Although it has highest identity (48%) to histamine dehydrogenase, it did not show any detectable activity for histamine. BLAST analysis showed that Ochrobactrum sp. strain SJY1 also harbors a gene encoding the same protein (GenBank accession number AIH15773) as Pno from S33, whose function has not been identified yet. In this study, we demonstrated its role in the nicotine degradation.
Because the draft genome of S33 is not complete, we could not compare the genomes of S33 and Ochrobactrum sp. strain SJY1. But the available data of S33 showed that the organization and sequence of a ndhAB-hno-pno-hsh gene cluster in S33 (Fig. 2) is similar to that from Ochrobactrum sp. strain SJY1 (23, 24) . In S33, ndhA and ndhB overlap 4 bp, which is common for the genes of multiple subunits enzyme in microorganisms and is helpful for rapid cotranscription and translation and their regulation (62, 63) . Interestingly, there is a 26-kb distance between ndhAB-hno and pno-hsh, where 6 of 12 ORFs encode mobile element proteins, suggesting that these genes might come from other bacteria by the way of lateral gene transfer.
Another question is whether it is necessary for functionality that NdhAB and Pno form a complex, which catalyze two different reactions and whose encoding genes are far away from each other. The results of SDS-PAGE and gel filtration clearly showed that the NdhAB-Pno complex was purified with a stoichiometry of 1:1:1.2 and a molecular mass of 180 kDa, which did not separate during purification as indicated by native PAGE. We did not separate them, even by using different elution conditions and chromatography columns (data not shown), indicating that the interaction of NdhAB and Pno was not weak. The comparison of the kinetic properties of the NdhAB-Pno complex and recombinant Pno may give the answer. The purified NdhAB-Pno complex presented a Pno activity of 36.2 U/mg and had an apparent K m of 0.18 mM for 6-hydroxypseudooxynicotine. The recombinant Pno had an activity (32.3 U/mg) similar to that of the purified wild-type NdhAB-Pno complex, but a higher apparent K m of 0.37 mM for 6-hydroxypseudooxynicotine, indicating that the NdhAB-Pno complex has greater affinity for the substrate than the single component Pno. For NdhAB, unfortunately, we failed to heterologously express it or purify it from S33-⌬pno. However, the fact that the Ndh activity in cell extract of S33-⌬pno (0.0017 U/mg) was much lower than that in the cell extract of wild-type S33 (0.014 U/mg, Table 3 ) also showed that the complex has greater activity than the two-component NdhAB. As controls, all mutants with disrupted ndhA, ndhB, or pno presented Pno activities of around 0.36 U/mg in cell extracts, values which were close to that in the cell extract of wild-type S33 (0.44 U/mg). A low activity of nicotine hydroxylation was also observed in the resting cells of recombinant P. putida KT2440 harboring the nicotine hydroxylase genes from Ochrobactrum sp. strain SJY1 (24) . All of these data indicate that the NdhAB-Pno complex has better catalytic efficiency than the individual NdhAB and Pno. Thus, a complex of NdhAB and Pno is necessary for efficient nicotine degradation in vivo. Notably, a yellow fraction with Hno activity was found next to the fraction containing Ndh-Pno complex during elution of a DEAE column (H. Li, W. Yu, and S. Wang, unpublished data), which gave us a hint that Hno might loosely interact with NdhABPno complex in vivo. If this is correct, this kind of organization will be very helpful for the quick detoxification and degradation of nicotine by sequential catalytic reactions like the well-known pyruvate dehydrogenase complex and fatty acid beta-oxidation multienzyme complex (64) (65) (66) (67) .
In summary, we characterized a novel enzyme complex of NdhAB and Pno, which catalyzes the first and fourth steps in the hybrid pathway of nicotine degradation in A. tumefaciens S33. The results provide new biochemical and molecular evidence for the novel hybrid pathway of nicotine degradation in A. tumefaciens S33. Our future studies will focus on the biochemical properties of the other enzymes that contribute to the hybrid pathway.
